Question: Is the growth of biodiverse floodplain plant communities along nutrient-rich lowland rivers still limited by nutrients?
Introduction
Rivers are among the most highly anthropogenically impacted ecosystems in the world (Dynesius & Nilsson 1994) . Although the floodplains of lowland river courses are naturally rich in nutrients (Vannote et al. 1980; Spink et al. 1998) , eutrophication of the river water and river sediments and direct agricultural fertilization of floodplains have led to eutrophication of river floodplains along anthropogenically influenced rivers (Grevilliot et al. 1998; Lamers et al. 2006) . In temperate regions worldwide nitrogen (N) fluxes in rivers increased 2-to 20-fold because of anthropogenic input (Howarth et al. 1996) . The type of nutrient limitation (i.e. the nutrient that can increase biomass production) in these eutrophied systems is often unclear. In highly dynamic systems, such as frequently flooded sites within floodplains, disturbance events rather than competition of plants for nutrients determine the composition of the vegetation (Grime 1974) . Beltman et al. (2007) found an Arrhenatherion plant community in a floodplain along the river Rhine to be limited by nutrients in some years, whereas disturbance by flooding determined vegetation productivity in other years. The vegetation of less disturbed floodplains has been found to be limited by various nutrients, or was found no longer to be limited by nutrients. Floodplain grasslands of the rivers Allier, Loire and Rhine are limited by N Beltman et al. 2007 ) or co-limited by N and phosphorus (P) (Rhine; Beltman et al. 2007) . Intermediately productive meadows along the smaller Dutch river Dommel were found to be limited by N, co-limited by N and P, by N and potassium (K), and by P and K, depending on the type of plant community (Olde Venterink et al. 2001 ).
However, other authors found no impact of fertilization on river floodplain vegetation because the input of nutrients was so high that biomass production was no longer stimulated by additional nutrients (Spink et al. 1998; Antheunisse et al. 2006) .
Determining the type of nutrient limitation is important for habitat management, as plant species diversity (often one of the aims of nature rehabilitation programmes) and biomass production are often closely correlated. Grime (1973a, b) showed that the upper limit of the cloud of points describing biomass and species richness at a certain site, is hump-shaped. In the higher productivity range, where floodplain vegetations are situated, input of nutrients favours fastgrowing plant species that outcompete other species, resulting in lower species richness. Conversely, species richness can be promoted by decreasing biomass production by lowering the availability of the limiting nutrient. Or, in the case of protection of biodiverse plant communities, by preventing extra input of the limiting nutrient. Of course, not all plant species within a plant community may be growth-limited by the same nutrient (Braakhekke & Hooftman 1999; Gu¨sewell et al. 2003) , so the input of a nutrient that is not limiting biomass production as a whole may still favour certain plant species over others, causing a shift in species composition (Gu¨sewell et al. 2003; Gu¨sewell 2004) .
One of the ways to determine the limiting nutrient(s) is by means of fertilization experiments, either in the field or with vegetated sods taken from the field (Olff & Pegtel 1994) . Caution is required when determining single-species limitations from species biomass responses in fertilization experiments, as species are subject to competition (Gu¨sewell et al. 2003) . From a management perspective, determining the nutrient limitation of a single species is, however, less relevant than the effects of fertilization on the species abundance within the vegetation and on the species composition of the plant community as a whole, which is a result of both limitation and competitive strength. Another option to determine the type of nutrient limitation is to measure nutrient ratios in the plant tissue Verhoeven et al. 1996; Gu¨sewell et al. 2003; Olde Venterink et al. 2003) . found distinct boundaries in N:P ratios between N-limited and Plimited sites. These boundaries were confirmed and ''sharpened'' by several other studies (Gu¨sewell & Koerselman 2002; Olde Venterink et al. 2003) . Although plant tissue concentrations can differ widely, irrespective of the type of nutrient limitation (Gu¨sewell & Koerselman 2002) , the ratios between concentrations of nutrients do seem to indicate the type of limitation. In addition to ratio boundaries, indicating N or P limitation, boundaries for K limitation or co-limitation, derived from N:K and P:K ratios, have also been found (Olde Venterink et al. 2003) . For single plant species, however, the response to fertilization cannot be derived from critical N:P ratios (Gu¨sewell et al. 2003) . Studies have found not only critical nutrient ratios, but also critical nutrient concentrations: plant communities of the temperate zone seem to be limited by N below an overall plant tissue concentration of 9.5 mg N g À 1 , and by P below a concentration of 0.5 mg P g À 1 , whereas P limitation never seems to occur when plant tissue concentrations are above 1 mg P g À 1 (Gu¨sewell & Koerselman 2002) . As common plant communities along eutrophic river often seem not to be limited by nutrients anymore, we were interested in whether this also applies for the rarer species-rich grasslands along rivers. As an example two grasslands along the river Overijsselse Vecht in the Netherlands were chosen. This is a medium-sized river with a basin of approximately 4000 km 2 in Germany and the Netherlands, and is polluted with N (Anonymous 2004). In the future, greater connectivity between floodplains and rivers in Western Europe can be expected, owing to more frequent (summer) floods as a result of global climate change (Christensen & Christensen 2003; Kundzewicz et al. 2005) . This may lead to higher N loads on floodplains along N-enriched rivers such as the Overijsselse Vecht.
Materials and Methods

Site description
Plant communities of the two grasslands studied belong to the endangered Fritillario-Alopecuretum pratensis community (Horsthuis et al. 1994 ), characterized by the bulb species Fritillaria meleagris. This species has the centre of its distribution in the Netherlands, but the present size of the population in this country is estimated to be only 5% of that in 1900 (Horsthuis et al. 1994) . The FritillarioAlopecuretum pratensis community is found in floodplain hay meadows on clay and silt soils, often on deeper peat layers, with a high groundwater table in winter and spring, which are flooded two to four times a year (Zuidhoff et al. 1996) . These requirements are met in the lowest freshwater ranges of lowland rivers (Zuidhoff et al. 1996) .
One of the floodplain grasslands studied (Huis den Doorn: HDD, 52133 0 18 00 N 617 0 22 00 E) is a wellpreserved hay meadow, which has been managed as a nature reserve for many decades. It is mown two times a year. The other grassland (Zwartsluis: ZWS, 52137 0 40 00 N 614 0 58 00 E) was used as a pasture for cattle for many decades and has been managed as a nature conservation area for just a few years. It is mown once a year and is grazed at the end of the growing season, followed by the application of fresh manure (less than 20Â10 3 kg ha À 1 ). The presence of F. meleagris in this hay meadow is declining (J. Breedenbeek, pers. comm.). On May 3, 2006, 2 mÂ2 m vegetation releve´s were made in the field, and soil samples were collected. At each location three soil samples, consisting of at least five subsamples with a depth of about 15 cm, were taken from an area of approximately 20 m 2 with an auger. Of each releve´the plant community was determined by Associa (Synbiosys 1.11; Alterra, Wageningen, the Netherlands). Vegetation releve´s are shown in Table 1 . The vegetation of the HDD grassland (nature reserve) is a typical Fritillario-Alopecuretum pratensis hay meadow. The vegetation of ZWS (abandoned pasture) could also be characterized as a Fritillario-Alopecuretum pratensis hay meadow, but also contained species of Calthion palustris plant communities (Zuidhoff et al. 1996) , such as Lychnis flos-cuculi, Carex disticha and Persicaria amphibia.
Organic matter contents of the soils were determined by loss on ignition (4 h, 5501C). Soil extractions were performed on fresh soils and corrected for moisture content after drying (24 h, 1051C). A NaCl extraction was performed using 100 ml 0.1 M NaCl per 35 g of soil. In the MilliQ (H 2 O) extraction, 35 g of soil was shaken with 100 ml MilliQ (ELGA PURELAB Ultra Scientific, Rossmark Waterbehandling BV, Ede, The Netherlands). The concentration of amorphous iron (Fe), which is assumed to represent the fraction available for microbial Fe reduction, was determined by oxalate extraction (2.5 g of soil shaken for 2 h with 30 ml of a solution containing 16.2 g of (COONH 4 ) 2 .H 2 O and 10.9 g of (COOH 2 ).2H 2 O per litre) (Schwertmann 1964) ; plant-available P was determined by bicarbonate extraction (5 g of soil shaken with 100 ml of 0.5 M NaHCO 3 ) (Olsen et al. 1954) . Cation exchange capacity (CEC) and base saturation were determined by a triple sequential extraction of 5 g of fresh soil with a 0.1 M BaCl 2 solution, followed by extraction with a 0.020 M MgSO 4 solution. The CEC was calculated from the excess magnesium (Mg) in this extract. Base saturations of elements were calculated from their respective concentrations (charge equivalents) in the BaCl 2 extract relative to the CEC. In order to determine the total concentrations of elements in soil materials, 200 mg of ground, homogenized and dried sample was digested for 17 min with 4 ml concentrated HNO 3 and 1 ml 30% H 2 O 2 (Milestone Ethos D -Microwave Labstone, Milestone S.r.L., Sorisole, Italy). Total concentrations of calcium (Ca), Fe, K, Mg, P and sulphur (S) were analysed by inductively coupled plasma-optical emission spectrometry (ICP-OES) (IRIS Intrepid II XDL; Thermo Electron Corporation, Thermo Fisher Scientific, Breda, The Netherlands). Concentrations of orthophosphate (PO 4 ) (Technicon AutoAnalyser II, Bran1Luebbe GmbH, Norderstedt, Germany), NH 4 1 and NO 3 -(1NO 2 -) (Bran1Luebbe AutoAnalyser 3, Bran1 Luebbe) were analysed colorimetrically using ammonium molybdate, salicylate and hydrazine sulphate, respectively.
The soil of ZWS was a clay soil (25-35% lutum) on a sandy subsoil, at 20 cm beneath the soil surface. The soil at HDD contained on average more organic matter (n.s.), more silt, and somewhat less clay than Table 1 . Vegetation releve´s of the hay meadows, according to the combined Braun-Blanquet scale (Westhoff et al. 1995) . HDD, Huis den Doorn; ZWS, Zwartsluis. the soil at ZWS. Table 2 presents the soil characteristics. The concentrations of K were more than two times higher in the ZWS soil. The high concentrations of Fe (total and amorphous) in both soils are remarkable, especially at HDD, compared with soils from other Dutch floodplains (Loeb et al. 2007 (Loeb et al. , 2008 . As a result of their historically low elevation relative to surrounding peatlands, these floodplains probably received Fe-rich groundwater discharge in the past. These peatlands have since been drained and have subsided, and groundwater discharge to the floodplains has stopped. The pH of both soils was slightly acidic (pH 5.5-6) after extraction with demineralized water, which is rather low for floodplain soils in the Netherlands, but the base saturation of both soils was high (around 87%), which means that they are well buffered against acidification.
Experimental set-up
Sods with a diameter of 24 cm and a height of 18 cm were taken from both grasslands on Mar 30, 2005. They were transported to an unheated greenhouse in Nijmegen, the Netherlands, where they were placed in plastic containers with holes in the bottom covered by root cloth. The pots were placed on plastic dishes, which were kept wet with demineralized water to enable capillary rise of water. Two delivery devices were placed in each sod for automatic watering. This was done to prevent the sods from shrinking and to avoid the vegetation drying out by evaporation during hot periods. All sods received the same amount of demineralized water at the same time, but the quantity was adjusted depending on the climatic conditions at the time of watering.
Five different fertilization treatments were applied to sods from both hay meadows (five replicates): 1PK, 1NP, 1NK, 1NPK and a control treatment (only demineralized water added). Every week, each sod was fertilized according to one of these treatments, receiving 250 ml demineralized water with N added as 497 mmol l À 1 NaNO 3 (20 kg N Á ha À 1 Á yr À 1 ), P as 56 mmol l À 1 Na 2 HPO 4 (5 kg P Á ha À 1 Á yr À 1 ) and/or K as 178 mmol l Total concentrations of elements in plant material were determined following the same procedure as with the soil analysis. The C and N concentrations in the plant material (20 mg) were determined with a CNS analyser (Carbo Erla Instruments NA 1500, Thermo Fisher Scientific, Rodano, Italy).
Statistics and calculations
Effects of treatments were tested on ln(x11) transformed data to achieve a closer fit of the data to a normal distribution. Overall effects in time were calculated per location with GLM repeated measures, using Greenhouse-Geisser corrections if terms of sphericity were not met in Mauchly's sphericity test. Differences in biomass and plant tissue nutrient concentrations between treatments per location were calculated with a Tukey post-hoc test The effects of the treatments on the performance of individual families were evaluated using absolute and relative biomass data of the harvests of the second year (i.e. combining those of Apr and Sep 2006) because differences in species composition were expected to appear after the first year of the experiment.
Results
Biomass of the total vegetation
Both soils had low dry weights at the first harvests because of the low temperatures in the field in the weeks before the sods were brought to the glasshouse (Fig. 1) . The second harvest yielded significantly greater biomass on sods from HDD in the 1NP treatment than in the control treatment ( Fig. 1a; Table 4 ). In the subsequent harvests in Oct 2005 and Apr 2006 the above-ground biomasses of the 1NK and 1NPK treatments were significantly greater than the biomass in the 1PK treatment. However, in Jul 2006, biomass was less in the 1NP and control treatments than in the 1NK and 1NPK treatments. In addition, the biomass of the control treatment was less than that in the 1PK treatment. In the final harvest, only the control treatment had a biomass that was less than all other treatments.
The sods from ZWS showed a different pattern ( Fig. 1b; Tables 3 and 4) . From Oct 2005 there were significant differences between the 1NK and 1NPK treatments on the one hand and the control treatment on the other. Later, differences became more pronounced, showing reduced biomasses for the 1PK and control treatments compared with the 1NK, 1NP and 1NPK treatments. In Sep 2006, differences between control and fertilization treatments became smaller, so no significant effects of the fertilization were found. Vegetation biomass was, on average, greater for HDD sods than for ZWS sods (P 5 0.000).
Nutrient concentrations in the total vegetation
On sods from HDD, concentrations of N in plant tissue were significantly higher in the control and1NP treatments ( Fig. 2; Table 5 ). On ZWS sods, overall concentrations of N were significantly higher Table 3 . Overall effects (P-values) of treatments on total aboveground biomass (repeated measures, between-subjects effects) and results of Tukey post-hoc test. HDD, Huis den Doorn; ZWS, Zwartsluis. Different letters indicate significant differences in biomass between different treatments within a location (a 5 lowest biomass, b 5 intermediate, c 5 highest).
HDD ZWS
Between-subjects effects (overall effect of treatment) 0.000 0.000
in the 1NP treatment than in the 1PK and 1NPK treatments, but this was mainly because of significant differences in the final harvest. Concentrations of N on ZWS sods were significantly lower than on HDD sods (19.0 mg N g À 1 versus 20.3 mg N g À 1 , P 5 0.05). All N concentrations remained above 9.5 mg g À 1 . Starting from October 2005 (ZWS) or April 2006 (HDD), harvest concentrations of P in the vegetation on both soils were significantly lower in the 1NK treatment than in the other treatments. The 1PK treatment on ZWS sods and the 1NP treatment on HDD sods resulted in a significantly higher concentration of P in the plant tissue than the 1NPK treatments on the sods from these locations. Concentrations of P were all above 1 mg P g À 1 . Concentrations of P did not differ significantly between the sods from the two locations.
In the above-ground vegetation from both locations, treatments with K added (1PK, 1NK and 1NPK treatment) had higher concentrations of K than treatments without addition of K (1NP and control), starting from April 2006. The vegetation of the 1PK treatments had even higher concentrations of K than the 1NK (only for HDD sods) and 1NPK treatments (both locations). Concentrations of K in the vegetation were significantly higher in the sods from the ZWS soil (13.1 mg potassium g À 1 versus 9.29 in the HDD soil, P 5 0.000).
Vegetation nutrient ratios
Nutrient ratios (Fig. 2g-l ) between N and P in vegetation from both soils all remained below 14 (except for the 1NK treatment in HDD in Apr 2006 (14.4)) and were highest in the 1NK treatments on both soils because of the lower concentrations of P in vegetation tissue in this treatment.
From Oct 2005, the ratios between N and K in HDD started to rise in the treatments that did not receive K (1NP and the control treatment). The N:K ratio of the treatments that did receive K stayed around 2 (highest for the 1NPK treatment in Apr 2006 with an average ratio of 2.4). On ZWS sods, the treatments not receiving K also had N:K ratios higher than 2.1 in 2006 (and for the 1NP treatment, in Oct 2005 also). For the 1NP treatment the N:K ratio was, on average, 4 in Apr 2006. The difference in N:K ratios between the locations was caused both by the lower K concentrations and by the higher N concentrations in the vegetation of the sods from HDD. On both soils, the 1NP and control treatments showed a significantly higher N:K ratio than the treatments with K added. On ZWS sods, the 1NP treatment had a higher N:K ratio than the control treatment in Oct 2005 and Apr 2006.
The P:K ratios showed the same pattern as the N:K ratios. The P:K ratios on HDD sods were greater than 0.29 in the 1NP and control treatments and in some of the measurements of the 1NPK and 1PK treatments. On ZWS sods, P:K ratios in the 1NP treatment and the 1NPK treatment were greater than 0.29 during the final year of harvests.
Biomasses of the individual families
The treatments had significantly different effects on the biomass development of the families Brassicaceae, Caryophyllaceae, Cyperaceae, Poaceae, Polygonaceae and Ranunculaceae in the second year (Fig. 3a, c, e, g, i and k). On both HDD and ZWS sods, the Poaceae biomass was stimulated by the 1NK compared with the 1PK treatment. The Poaceae biomass was 2.5-3.5 times greater in the 1NK than in the 1PK treatment for both HDD and ZWS. On the sods from ZWS, other treatments Of course, positive effects of the treatments on the absolute biomass of a particular family do not necessarily mean that this family is a stronger competitor in these treatments. If the total biomass increases more than that of the family, this means that other families perform better. We therefore also tested the effects of the treatments on the relative biomasses of the families (Fig. 3b, d , f, h, j and l). These relative biomasses of the plant families showed the same patterns as the absolute biomasses, though differences were less pronounced. 
Nutrient concentrations and ratios in the individual families
In general, the tissue nutrient concentrations and nutrient ratios of the different plant families showed the same patterns as the concentrations and ratios in the total biomass in the various treatments (results not shown). Nevertheless, some clear differences between the plant families were noted. The overall N:P ratios in the Poaceae (6.4) and the Ranunculaceae (6.6) were lower than those in the Plantaginaceae (9.1) and the Cyperaceae (12). The N:K ratios were lowest in the Poaceae (1.6), somewhat higher in the Ranunculaceae (2.1) and Cyperaceae (2.2) and highest in the Plantaginaceae (4.0). The high mean N:K ratios for the Plantaginaceae were caused by low concentrations of K at the start of the experiment. Remarkably, where the other families showed a decrease in K concentrations over time (just like the concentrations of K in the total vegetation; Fig. 2e and f) , even when K was applied, Plantago lanceolata showed a stable concentration of K in the 1NK and 1NPK treatments, and an increase in K concentration in the 1PK treatment.
Discussion
Nutrient limitation
The growth of the above-ground biomass on sods from both locations was stimulated by fertilization with N during the first year. Plant tissue N:P ratios in the vegetation (lower than 14) also pointed at N limitation Verhoeven et al. 1996; Gu¨sewell et al. 2003; Olde Venterink et al. 2003) . All concentrations of N remained above 9.5 mg g À 1 , which is not conclusive, but P concentrations in the plants were always above 1 mg P g À 1 , which makes P limitation unlikely (Gu¨sewell & Koerselman 2002 ). In the second year, vegetation from ZWS was still stimulated by N fertilization, while biomass growth for HDD was also stimulated by fertilization with K in July and September. In July 2006, the biomass production was co-limited by N and K, as was shown by the fact that the highest yield was found on the sods fertilized with both N and K. Fertilization with either N or K still stimulated biomass production compared with the control treatment, and their effects seemed to be additive. Although in Sep 2006, all fertilization treatments stimulated the biomass production equally, co-limitation with P is very unlikely considering the low N:P ratios and the high plant tissue P concentrations.
Critical N:K ratios
During the experiment N:K ratios in the vegetation of the HDD sods rose in the treatments where no K was added. In July and September 2006, when significant effects of K addition on biomass production were found, N:K ratios in these treatments were above 4.3. In October 2005 and April 2006 N:K ratios in these treatments were around 4.2 and 6.8, respectively without showing significant signs of K (co-)limitation. However, it could be argued whether at that time biomass data already showed a trend towards K (co-)limitation. In other words, determination of the critical lower limit of the N:K ratio from these measurements might not be conclusive. In HDD the other treatments, where K was added, had a maximum ratio of 2.4. The ZWS results showed clear evidence for N limitation and did not show any signs of K (co-)limitation at any stage of the experiment. The N:K ratios in the vegetation of these sods rose to average values of 4 for the 1NP treatment in April 2006. In other treatments and harvests the N:K ratios also rose above the suggested critical value of 2.1 g g À 1 (control treatment: 2.5 in April 2006, 2.3 in July and 2.5 in September; 1NP treatment: 2.3 in July and September 2006) .
On the basis of the N:P ratios, the P concentrations in the plant tissues and the lack of biomass response to P addition, P limitation can be ruled out (Gu¨sewell & Koerselman 2002) . This suggests that the critical N:K ratio indicating possible K limitation or co-limitation of K and N lies at a higher level than is currently assumed (2.1 g g À 1 , Olde Venterink et al. 2003) . Our results suggest that the critical N:K ratio lies around 4 g g À 1 , at least for this specific hay meadow plant community.
Dilution effect
The tissue nutrient concentrations clearly show the effect of dilution by growth. Concentrations of N were lower in the 1PK, 1NK (HDD) and 1NPK treatments than in the 1NP and unfertilized (HDD) treatments ( Fig. 2a ; Table 5 ). Biomass growth in this period was stimulated by added N and on HDD sods also by added K. Despite the addition of N in the 1NK and 1NPK treatments on HDD sods, N concentrations were lower than in the control treatment. Although the total N-pool in the aboveground biomass was greater in these treatments, N concentrations were reduced, because N was distributed over a larger total biomass (''dilution''). Although neither the 1PK nor the control treatment received any N, the concentration of N in the nutrient tissue on HDD sods was nevertheless lower in the 1PK treatment because the total biomass was greater than in the control treatment, showing the limiting or co-limiting effect of K in this soil. Despite the addition of N in the 1NPK treatment, N concentrations in this treatment were lower than those in the 1NP treatment, because the 1NPK treatment stimulated biomass production by the addition of K.
The same dilution effects were seen in the P concentrations in the vegetation on sods from both ZWS and HDD ( Fig. 2c and d ; Table 5 ). The 1NK treatment yielded a lower tissue P concentration than the control treatment, because the stimulation of biomass production by N in the 1NK treatment caused dilution of P. The other treatments that increased biomass production had higher P concentrations, because they received P with the fertilization. On HDD sods, however, the 1NP treatment led to a higher tissue P concentration than the 1NPK treatment, probably because biomass production in the 1NP treatment was limited or colimited by K. Similarly, the limitation by N on ZWS sods is apparent from the higher concentrations of P in the biomass of the 1PK treatment compared with the 1NPK treatment. The concentrations of K also show a clear dilution effect ( Fig. 2e and f ; Table 5 ). Concentrations of K were lower in the 1NK (HDD) and 1NPK treatments than in the 1PK treatment, because the last treatment stimulated biomass production less.
These results imply that when a nutrient is added with fertilization, this will not necessarily increase the concentrations of this nutrient in the plant tissue; in fact, concentrations of the nutrient can even be lowered by the addition. Moreover, the concentration of a nutrient added with the fertilizer appears to be increased if the limiting or co-limiting nutrient is not added. This dilution effect is not often shown in other experiments because of high nutrient gifts leading to luxury consumption, which often does not correspond with the field situation. At species level, a decrease in the concentration of an added nutrient was also observed by Gu¨sewell & Koerselman (2002) . This may be an important issue in relation to the decomposability of the plant material (Aerts & Chapin 2000) . In many cases, decomposability is determined by the C:N ratio of the litter (Aerts & Chapin 2000) . It has frequently been hypothesized that plant material from nutrient-rich sites decomposes faster because of a lower C:N ratio in the plant litter (Vitousek 1982; Aerts & Chapin 2000) . Aerts et al. (1995) showed that in an N-limited peatland dominated by Carex acutiformis, N concentrations in the plant tissue remained the same after N fertilization. However, our results show that it is possible that fertilization leads to higher C:N ratios in the vegetation tissue, depending on whether N is still limiting biomass production.
Nutrient availability
Since nutrient availability is not only determined by the nutrient concentrations in the soil, but also by nutrient mobility and by the ecophysiology of the plant species (including mycorrhizae) involved (Chapin et al. 1986a; Olff & Pegtel 1994; Aerts & Chapin 2000; Lambers et al. 2006) , differences in the concentrations of particular nutrients in the soil cannot be used to estimate the type of nutrient limitation. Organic matter forms a large pool of N, which can become available for uptake by plants through mineralization. Therefore, concentrations of total N and of the directly available inorganic N (nitrate and ammonium) may both be worse predictors of the availability of N than decomposition rates (Chapin et al. 1986b; Olde Venterink et al. 2002) . This means that the N concentrations measured in the soil (Table 2) do not provide information on the actual N limitation of the vegetation. For P, the soil-bound fraction forms the largest pool. Phosphorus is effectively bound to Fe and aluminium (Al) (hydr)oxides and to Ca in the soil (Patrick & Khalid 1974; Goldberg & Sposito 1984; Golterman 1995) . Desorption can take place by several processes, including changes in redox potential and pH. The HDD and ZWS soils are both very rich in Fe, which regulates the concentrations of PO 4 in the pore water to a great extent (Loeb et al. 2007 (Loeb et al. , 2008 . Upon flooding, these soils become anoxic and the reduction of iron leads to higher concentrations of PO 4 in the pore water. In our experiment, however, no flooding took place and the sods were kept oxic. In this situation, pore water concentrations will be low and iron(hydr)oxides will bind PO 4 tightly, although part of this fraction is still available for plants because of the exudation of acids and phytochelatins, and the action of mycorrhizae (Aerts & Chapin 2000) . Concentrations of P in the plant tissue were significantly higher on sods from both locations in the treatments receiving P. This probably means that the vegetation effectively took up the supplied PO 4 before it was adsorbed and before it ended up as a small part of the total P pool in the soil. Potassium, however, may show a stronger relationship between soil concentrations and uptake. Schaffers (2002) found a close correlation between K extracted in a weak extraction with 0.01 M CaCl 2 and K uptake by vegetation. Soil samples taken from the HDD site showed a much lower concentration of K than soil samples from the ZWS sites. These lower concentrations may therefore explain the development of K limitation in the vegetation on sods from HDD, whereas this was not the case in the vegetation on the sods from ZWS.
Effects on family abundance
Our results show a differential response of plant families to the fertilization treatments. The Poaceae performed worse in the 1PK treatment than in the treatments in which N was added. This response of grass species to N fertilization has been reported previously (Berendse 1990; Bobbink 1991; Gu¨sewell 2004) . On the sods of HDD, Brassicaceae species performed better under 1NP fertilization than under the 1NPK treatment, whereas Ranunculaceae species performed worse in this treatment. We expected to find effects on the Fabiaceae, which are able to fix N 2 from the air and thus have a competitive advantage under fertilization without N (Bobbink 1991) . The absence of any significant effects on this family might result from the small and scattered presence of members of this family on our sods. In summary, fertilization may indeed lead to shifts in the abundance of different families, and it is not only the actual load of each nutrient but also the ratio between the different nutrient loads that will affect species composition.
Consequences for the field situation
The experiment shows that N limits biomass production at both locations. Hence, N could still be important in the regulation of biomass production in biodiverse grasslands along N-polluted rivers. However, it should be noted that the ratio between nutrients in the river sediment deposits may also influence the type of limitation (Olde Venterink et al. 2006) . High N loads during flooding by N-rich rivers (such as the one in our study) may lead to increased growth of grasses at the expense of other species. Increased growth of grasses might therefore be expected to occur in the future, as a result of more frequent floods owing to global climate change. In areas with a high atmospheric load of N, including the Netherlands, atmospheric deposition may induce similar effects.
In the vegetation from HDD, co-limitation by K developed after a year in which only N limitation was found. It can of course be questioned whether this K limitation could also develop in the field, as in the glasshouse this limitation could have developed because of clipping and leaching of K from the soil. Although this may be true to some extent, the development of the K limitation or co-limitation in our experiment may well indicate that this development might also occur in the field at HDD as a result of hay-making or leaching of K by drainage, or as a result of increased supply of N, which is the first limiting nutrient. In addition, a study by Schaffers (2000) of well-developed and fragmentary Fritillario-Alopecuretum pratensis plant communities along roadsides found that the well-developed communities might be co-limited by K and N and the fragmentary communities by N and P. Although that study, as well as the present one, were conducted on limited field sites, both indicate that the K-poor conditions of the soil and the possible K limitation or co-limitation of the vegetation might be necessary conditions for the development and maintenance of well-developed Fritillario-Alopecuretum pratensis plant communities. The finding of K co-limitation is also important in general, as K-limitation is not frequently studied and reported in literature.
We conclude that for both hay meadows, an additional high supply of nutrients (N and to some extent K) may be harmful to the survival of the present rare plant communities. This means that river water quality and river sediment quality may still be very important factors in the conservation of species-rich floodplain plant communities along eutrophic rivers worldwide. River management should therefore not only focus on the role of floodplains in removing nutrients from the river water, such as by nutrient sedimentation and denitrification, but also on the consequences of these functions for local biodiversity.
